Copper electrodissolution and electrodeposition were studied by means of gravimetric quartz crystal microbalance and electric ͑cyclic voltammetry͒ combined measurements. Relevant information on the mechanism of these electrochemical processes is provided by the analysis of experimental data and particularly of the mass change per charge unit. The copper electrodeposition and electrodissolution take place by means of two consecutive monoelectronic transfers where the anion participation in the reaction mechanism is specified. Besides, it is proved that the presence of molecular oxygen in the solution contributes to the formation of a passive layer on the surface of the metallic copper deposit.
M͑0͒
͑where M is a generic metal͒ can be considered as two consecutive monoelectronic transfers. [1] [2] [3] [4] [5] The interest of the knowledge of this kind of reaction is increased when the studied metal is copper due to the great biological and technological importance of this material.
From galvanoplasty to printed circuits, acidic copper deposition baths have been used in industry for generations. Now, copper is replacing aluminum in microelectronic interconnects, leading to a new field of application of this metal. The demanding performances of copper deposition such as in the damascene process needs a thorough knowledge of the reaction mechanism underlying this technique.
Cathodic deposition of copper in sulfuric acid solution is generally supposed to occur through two consecutive charge-transfer steps involving the soluble intermediate Cu + . [5] [6] [7] [8] [9] For the Cu͑II͒ reduction in the presence of chloride anion, an anion-bridge-activated complex of the Cu-Cl-Cu type has been postulated. 10 Indeed, it has been established by scanning tunneling microscopy and other surface techniques that, in the presence of chloride ions, the copper surface is covered with an ordered layer of adsorbed Cl −11-14 and anodic dissolution was proposed to proceed at kink sites involving one Cl − and two Cu atoms. 12 The intermediate Cu͑I͒ 15, 16 may form a porous film of CuCl 5, 17, 18 that dissolves in an excess of chloride, with the formation of CuCl 2 − , CuCl 3 2− , and CuCl 4 3− complexes. [19] [20] [21] This sequence of events may lead to complex reaction dynamics. 22 According to the study of Mattson and Bockris, 6 copper dissolution in acid sulfate systems proceeds in two steps
Cu
Cu͑I͒ + 1e − ͑fast͒ ͓ 1͔ Cu͑I͒ Cu͑II͒ + 1e − ͑slow͒ ͓ 2͔
This mechanism was verified by many authors 7, [23] [24] [25] analyzing steady-state results. As a refinement of this model, the Cu/Cu͑I͒ redox process was proposed to further split into two steps, namely, the formation and subsequent desorption of an adsorbed Cu͑I͒ species ͑dissolution͒ or the adsorption and subsequent reduction of this Cu͑I͒ adsorbate ͑deposition͒. 26 In addition, as an alternative mechanism, a Cu/Cu͑II͒ reaction with a direct two-electron-transfer step autocatalyzed by an adsorbed Cu͑II͒ species formed in a preceding step has been suggested. 26, 27 In contrast, in hydrochloric acid solution the generally accepted oxidation mechanism at low current densities is the formation of an adsorbed CuCl species on the Cu surface, followed by dissolution of the monovalent copper as CuCl 2 − .
28-31
Jardy et al. 32 have studied the dissolution of copper in Na 2 SO 4 + H 2 SO 4 using a quartz crystal microbalance and a rotating ringdisk electrode. They have reported that Cu dissolves through a monovalent species at low current densities with the existence of an adsorbed intermediate. An electrochemical quartz crystal microbalanee ͑EQCM͒ has been applied to the study of these processes, [32] [33] [34] because this technique allows information on the deposited or dissolved mass to be obtained during these electrochemical phenomena. The combination of this technique with cyclic voltammetry leads to an estimation of the atomic mass of the species involved in the electronic transference by means of the mass/charge ratio. In this technique, the changes of the mass deposited on the gold electrode surface, ⌬m, are related to changes of the resonance frequency of the quartz crystal, ⌬f, by means of the Sauerbrey equation
where is the quartz density, E y is the quartz shear modulus, f 0 is the unloaded quartz crystal resonance frequency, and A p is the piezoelectrically active area. The main goal of the present work is to study the electrochemical mechanisms which control the redox processes of copper ͑electro-dissolution and electrodeposition͒, revealed by electrogravimetric and electric combined measurements in acid solutions containing chloride ions.
Experimental
The experiments were carried out in a typical three-electrode cell, where one of the gold electrodes of the quartz crystal microbalance ͑Matel-Fordhal, France͒, of about 25 mm 2 , was used as the working electrode, a platinum plate was used as the counter electrode, and a saturated calomel electrode ͑SCE͒ was used as the reference electrode. All EQCM experiments were carried out by using a homemade UPR15/RT0100 9-MHz oscillator, a TC-110 Yokogawa frequency meter, and an AUTOLAB ͑PGSTAT100͒ potentiostat/galvanostat.
The EQCM was calibrated by means of galvanostatic copper electrodeposition, which gave an experimental Sauerbrey constant equal to 16.3 ϫ 10 7 Hz g −1 cm 2 . This calibration procedure has been commonly used and described. [36] [37] [38] [39] The experimental solution of test was 0.5 M CuSO 4 , 0.1 M H 2 SO 4 , and pH 1.92.
Voltammetric experiments were carried out in the potential interval from 0.80 to −0.60 V, and the working solution was CuSO 4 ͑R.P. Normapur, p.a.͒ 10 mM, H 2 SO 4 ͑Prolabo, p.a.͒ 0.1 M. The solutions with chloride ions were composed of 10 mM CuSO 4 , 0.1 M H 2 SO 4 , and 10 or 50 mM KCl ͑R.P. Normapur, p.a.͒. These working solutions were deaerated by bubbling N 2 ͑Air Liquide͒ during 5 min.
Finally, in these experimental conditions, other nonideal contributions which could cause frequency changes, like roughness of viscoelastic effects, are not expected for very thin films.
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Results and Discussion
First, electrodeposition and electrodissolution of copper in a solution without chloride ions were followed by means of the simultaneous measurement of current and mass changes on the electrode surface during a cyclic voltammetry experiment ͑Fig. 1a and b͒. Two zones can be distinguished according to the results:
1. During the cathodic scan and between ͓−0.15,−0.60͔ V, copper is reduced and deposited on the gold electrode surface. This process continues during the anodic scan up to potentials near 0.00 V, where the anodic peak starts ͑Fig. 1b͒. This interval of potentials is characterized by a continuous mass increase ͑about 27 g cm −2 ͒, which corresponds to the deposit of about 110 copper monolayers in these experimental conditions. At the cathodic end of this potential interval, the hydrogen evolution is also produced ͑Fig. 2͒. Therefore, the global processes that take place in this zone are
2. Between 0.00 and 0.80 V, during the anodic scan the deposited copper is oxidized, leaving the bare gold on the working electrode surface at the anodic end of the scan Figure 1b shows the plot of the current with respect to time. It is easier to identify the zones in which copper deposition takes place ͑a͒ and the zone in which the copper dissolution takes place ͑b͒. The deposition zone is characterized by a mass increase and a cathodic current, whereas the oxidation zone is characterized by a mass decrease and an anodic current. The coulometric electrical charge corresponding to the deposition reaction is about 1.2 times larger than the electrical charge corresponding to the stripping process. This difference could be due to a partial passivation of copper, but this possibility is not the main cause of these differences since after stripping, the mass deposited on the electrode is only 0.5% of the maximum deposited mass in the tenth cycle. Therefore, this charge imbalance can also be attributed to hydrogen evolution that takes place during the copper electrodeposition.
In addition, when these curves were analyzed during several cycles, it was found that there was a noncompensated increase of mass between the successive cycles. This increase of mass can be due to the adsorption of ions present in the solution on the gold electrode or to the copper passivation. Figure 2 shows current and mass changes during a voltammetric scan of a gold electrode in the same solution as in Fig. 1a , but in absence of Cu 2+ ions. In this experiment, the mass deposited on the gold electrode does not increase with the number of cycles, indicating that there is no important absorption or adsorption of medium species on the gold electrode. Furthermore, this figure demonstrates that all the redox processes which are revealed in Fig. 1 are due to the copper electrochemistry.
At the same time, Fig. 3 shows the same experiment as in Fig.  1a , except that nitrogen was bubbled for 5 min before the plot of the voltammogram and an inert atmosphere was kept in contact with the solution throughout the whole experiment, to eliminate the molecular oxygen from the solution. It is observed that the mass differences between the successive cycles are significantly smaller than in Fig.  1a . Therefore, the mass increase revealed in Fig. 1a was probably due to a partial copper passivation caused by the presence of O 2 in the solution.
Another result that can prove that a passive layer is produced is the fact that the oxidation ͑dissolution͒ peak currents was 10% smaller when the voltammogram was carried out in the presence of molecular oxygen in the solution. Besides, the difference between the electrical charge passed during the cathodic and anodic processes is larger in solutions containing O 2 . This proves that not all the deposited copper is electrochemically oxidized and therefore does not move to the solution.
This passive layer can be due to copper hydroxide precipitation or to the redox reaction between the oxygen and the copper atoms. For other metal depositions, some authors have also proposed that the oxygen reduction changes locally the pH of the solution, and therefore favors the formation of the hydroxide. 41 However, it is not possible to discern whether oxygen reacts directly with the copper atoms or if the passive layer is produced by a local pH change due to oxygen reduction. Nonetheless, the presence of chloride ions in solution ͑in small amount͒ clearly decreases the amount of passive layer formed on the working electrode ͓Fig. 1 ͑without chloride ions͒ and 4a ͑with chloride ions͔͒.
The presence of chloride ions in the working solution implies the apparition of two voltammetric peaks ͑two different electron transfers͒ during the copper electrodissolution process ͑Fig. 4a͒. Thus, as copper dissolution occurs by means of two consecutive electron transfers, it is probable that these transfers occur at different potential intervals in the presence of chloride ions. In fact, the charge of both peaks is the same when the chloride ion concentration is in excess with respect to the copper ions ͑Fig. 4b͒. Consequently, the voltammetric peak at 0.05 V corresponds likely to the first electron transfer and the voltammetric peak at 0.30 V to the second electron transfer, where both electron transfers take place with the participation of the chloride ions.
So, as the first electron transfer is favored by the presence of chloride ions into the working solution ͓the peak potential is more cathodic in a working solution with chloride ions than in a solution without these ions ͑Fig. 1 and 4͔͒ and the second electron transfer is impeded by this presence ͓the peak potential is separated from the first electron transfer and appears at a more anodic potential than in a working solution without chloride ions ͑Fig. 1 and 4͔͒, it is probable that the chloride ions stabilize the monovalent copper ions. Figure 4b shows the variation of the mass deposited on the working electrode during a voltammetric scan in a working solution with chloride anions in excess with respect to the copper ions. This figure shows that the mass deposited on the working electrode increases even during the anodic peak at 0.05 V. Therefore, the chloride ions are adsorbed on the working electrode during the first electron transfer. These chloride ions must stabilize the atoms of monovalent copper on the working electrode, because the dissolution of copper does not take place during this electron transfer. The desorption of all the ions present on the working electrode takes place during the second electron transfer ͑Fig. 4b͒. Thus, the monovalent copper as an intermediate species is still on the working electrode and leaves this electrode as divalent copper at 0.30 V in the presence of chloride ions.
Mass/electrical charge ratio, F⌬m/⌬Q function.-The mass/ electrical charge ratio during a voltammetric experiment allows information on the molecular mass of the species that adsorbs or desorbs during the electrochemical process to be obtained by means of the following expression [42] [43] [44] [45] [46] [47] [48] 
MW i i ± mass changes due to uncharged species
͓7͔
where x i is the charge of the exchanged species in the ith faradaic process, i is assumed to be −1 when there is an absorption/ desorption process of cationic species occurring on the working electrode and +1 when there is an absorption/desorption process of anionic species ͑the sign indicates the direction of the anionic or cationic movement during the electrochemical processes͒, F is the Faraday constant ͑96485 C mol −1 ͒, ⌬Q is the electric charge which crosses the working electrode, MW i is the molecular mass of the charged species involved in the ith faradaic process, z i is the number 
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Journal of The Electrochemical Society, 153 ͑5͒ J32-J39 ͑2006͒ J34 of electrons involved in the above-mentioned process, and i is the percentage of the electrical charge balanced by the participation of the ith faradaic reaction in the global electrochemical process. Table I collects the values of the F⌬m/⌬Q function evaluated from voltammetric curves, corresponding to Fig. 1a, 3 , and 4a for the anodic and cathodic potential intervals. It shows that the values of this function are different during the cathodic potential interval when the experiment is carried out in the absence or presence of molecular oxygen in the solution ͓the F⌬m/⌬Q function increases their values in the presence of molecular oxygen ͑less negative͔͒. This difference can be explained by considering that at these potentials the oxygen reduction takes place simultaneously with the copper reduction. Thus, oxygen reduction contributes to the measured current, but this process does not imply a net mass change on the electrode surface since the products of this reaction are hydroxyl anions in solution.
If the copper passivation mechanism was due to a chemical reaction between the metallic copper and the molecular oxygen, then the F⌬m/⌬Q function would decrease in the presence of molecular oxygen ͑the values would be more negative͒ because the mass increases ͑nondissolution of the metal͒, but the electrical charge would be the same. However, in this case, this function increases in the presence of molecular oxygen ͑Table I͒. For that reason, the copper passivation mechanism is likely due to the fact that oxygen reduction changes locally the pH of the solution, which favors the formation of copper hydroxide ͑in this case, the F⌬m/⌬Q function would increase in the presence of molecular oxygen͒. The copper passivation mechanism could be
Accordingly, oxygen reduction ͑and therefore, copper passivation͒ must take place on the gold electrode at about −0.20 V, because the copper reduction peak decreases in intensity in the presence of molecular oxygen ͑about 13%, between Fig. 1 and 3͒ . Furthermore, this potential is also in accordance with the potential established for the molecular oxygen reduction process on a gold substrate ͑about −0.10 V͒. 49 The second result deduced from Table I is the fact that the values of this function during the anodic potential interval are not very different when the experiment is carried out, either in the absence or in the presence of molecular oxygen in the solution ͑Table I͒. Then, it could be said that the oxygen present in the solution does not control the copper dissolution mechanism in these experimental conditions. Furthermore, the mass/charge ratio evaluated in the potential interval corresponding to the oxidation peak in all experiments does not vary with the number of cycles, and its value practically coin- 
͓9͔
Nonetheless, the value of the F⌬m/⌬Q function during the copper reduction process in the absence of molecular oxygen is slightly greater ͑less negative͒ than the theoretical value for a process in which one Cu 2+ ion is reduced to Cu͑0͒ and is deposited on the electrode surface by means of the participation of two electrons, which is −32 g mol −1 . This increase can be explained by considering that at these potentials the proton reduction takes place simultaneously with the copper reduction. Hence, the proton reduction contributes to the measured current, but this process does not imply a net mass change on the electrode surface ͑Fig. 2͒.
Finally, Table I shows that the values of the F⌬m/⌬Q function in the presence of chloride ions are slightly less ͑more negative͒ than the same values in the absence of these anions. Then, it could be said that the chloride ions present in the solution influence the copper dissolution mechanism in these experimental conditions, as commented above. Thus, the formation of complexes between the chloride ions and the Cu͑II͒ atoms explains why copper passivation does not take place practically in the presence of these anions ͑the divalent copper has more affinity to the chloride anions than to the hydroxyl anions͒. However, if the passivation mechanism was due to a chemical reaction between the metallic copper and the molecular oxygen, then this passivation would take place in both experimental conditions ͑whether containing chloride ions or not͒, because the passivation mechanism would not depend on the chloride ion concentration.
Dynamic mass/charge ratio, F͑dm/dQ͒ function.-The electrodic mechanisms are better studied by a local analysis of the mass/ electrical charge relationship. The first step is to obtain the dm/dt vs t curve from the experimental m vs t curve. These values are obtained by a numerical procedure that includes an initial smoothing of the experimental data by a fast Fourier transform procedure. 42 Then, it can be written that This function has a local value at each potential and has the same physical meaning as the F⌬m/⌬Q function but is interpreted punctually.
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F͑dm/dQ͒ function for copper deposition.-During the cathodic scan from −0.10 V, the F͑dm/dQ͒ function divides the copper reduction process into four parts in the presence of chloride ions ͑Fig. 5a͒:
1. Before the reduction peak ͑between 0.10 and −0.10 V͒ and during the cathodic scan, the values of the F͑dm/dQ͒ function are close to 0 g mol −1 . This value cannot be associated to the simultaneous desorption of a species, which would be mainly an anion, with the copper deposition on the gold substrate, since this desorption should have been observed in Fig. 2. 2. On the copper reduction peak due to the mass-transport limitation and during the cathodic scan, the value of the F͑dm/dQ͒ function changes at around −45 g mol −1 . 3. During the cathodic and anodic scan, F͑dm/dQ͒ values close to −30 g mol −1 are observed given that the current reaches the diffusion limiting current.
4. Below −0.50 V and during both scans, the F͑dm/dQ͒ function is greater ͑less negative͒ than the value corresponding to a bielectronic transfer ͑−32 g mol −1 ͒. This increase is due to the simultaneous reduction of the protons together with copper reduction at these potentials ͑Fig. 2͒. Hence, the proton reduction contributes to the measured current but not to a net mass change on the electrode surface ͑as it is observed in Fig. 2͒ .
The copper reduction mechanism takes place by means of two consecutive monoelectronic transfers. [6] [7] [8] [9] Thus, the first electron transfer must be the more important reaction at the beginning of the reductive process, during the cathodic scan, and between ͓0.10, −0.10͔V. Consequently, as the values of the F͑dm/dQ͒ function are equal to 0 g mol −1 during this potential interval, the copper reduction mechanism can be interpreted as two consecutive electronic transferences where the first electron transfer is a reaction in which the Cu͑I͒ is not adsorbed on the working electrode surface. This copper oxidation state would be in the solution or in a nonrigid phase between the electrode and the solution, which stabilizes the Cu͑I͒ species and does not resound with the EQCM, as it has been postulated for the zinc dissolution mechanism. 50 The presence of a similar layer has been also postulated previously in the bibliography to explain the copper dissolution and deposition mechanims. [10] [11] [12] [13] [14] Nevertheless, from our results it is impossible to discern between both possibilities. It is only possible to say that this reaction would be similar to a redox reaction, like the ferricyanide/ferrocyanide couple, where both species stay in the working solution, leading to dm detected by QCM equal to zero, but the F͑dm/dQ͒ function does not explain the transfer mechanism which involves the Cu͑II͒/Cu͑I͒ reaction.
As commented above, the F⌬m/⌬Q function during copper deposition indicates that all reduced copper͑II͒ atoms reach the oxidation state equal to zero on the working electrode. Therefore, the second electron transfer is a reaction where the metallic copper atoms are on this surface. Thus, the expected F͑dm/dQ͒ values are 0 g mol −1 for the first process and −63 g mol −1 for the second process. It could be written that the reduction of copper follows the following step
Accordingly, the copper reduction peak would correspond mainly to the reduction of the Cu͑I͒ accumulated at the beginning of the cathodic scan, because the values of the F͑dm/dQ͒ function in this peak are about −50 g mol −1 ͑Fig. 5a͒. The stabilization of Cu͑I͒ cations takes place by means of the participation of the anions, because the values of the F͑dm/dQ͒ function during the cathodic scan and between ͓0.01, − 0.10͔ V change in the presence or absence of the chloride ions ͑Fig. 5͒. As already commented, the chloride ions stabilize the Cu͑I͒ ions and therefore, the values of this function in this potential interval are equal to 0 g mol −1 . However, as the sulfate ions do not stabilize this copper oxidation state as much, the values of the F͑dm/dQ͒ are more negative in the absence of chloride ions ͑about −20 g mol −1 ͒ ͑Fig. 5b͒. This hypothesis could be confirmed by the study of this reaction with respect to the scan rate. Increasing this rate, the two consecutive electron transfers are separated with the applied potential and consequently, the values of the F͑dm/dQ͒ function between ͓0.01, −0.10͔ V approaches 0 g mol −1 at high scan rates and in the absence of chloride ions in the working solution ͑Fig. 6b͒.
In both solutions ͑with and without chloride ions͒, the values of the F͑dm/dQ͒ function are close to −30 g mol −1 during the cathodic scan after the copper reduction peak and during the anodic scan. This fact can be explained by considering that two electrons would be exchanged at the same time as one copper atom would be deposited on the working electrode ͑−32 g mol −1 ͒. The first electron transfer would control the rate of the global process and therefore there would be no relevant amount of Cu͑I͒, because all the Cu͑I͒ species formed would quickly react to Cu͑0͒. F͑dm/dQ͒ function for copper dissolution.-On analyzing the copper oxidation peak in the absence of chloride ions, three zones can be differentiated by means of the F͑dm/dQ͒ function ͑Fig. 5b͒:
1. At the beginning of the dissolution potentials, the values of F͑dm/dQ͒ tend to positive values ͑anion adsorption͒. This fact can be observed more clearly by increasing the scan rate ͑Fig. 6b͒.
2. The peak of the F͑dm/dQ͒ function takes place at 0.20 V and its value is about −140 g mol −1 . This peak increases with the scan rate, tending to −160 g mol −1 ͑Fig. 6b͒. 3. There is a zone of diffusive control between ͓0.25,0.80͔V, where the value of this function barely varies and stays more or less constant, close to a value of −30 g mol −1 . Copper electrodissolution takes place by means of the two consecutive electron transfers; 6 thus, these two electron transfers are separated in time when the scan rate is increased. Therefore, the global values of the F͑dm/dQ͒ function for each electron transfer can be observed more clearly increasing this rate. Nonetheless, these two consecutive electron transfers must take place at similar potentials because the sulfate ions do not stabilize the monovalent copper atoms ͓these ions do not separate the two electron transfers of the copper dissolution mechanism as when there are chloride ions in the working solution ͑Fig. 5͔͒.
A possible mechanism to interpret these results can be proposed considering that the copper oxidation mechanism goes through two consecutive electronic transfers and that the global mechanism is a process in which two electrons per oxidized Cu atom are exchanged according to the global F⌬m/⌬Q value for the oxidation peak ͑see Table I͒ .
Then, the oxidation of copper could follow these steps in a sulfate solution Cu͑electrode͒ + SO 4 2− ͑solution͒ → CuSO 4 − ͑electrode͒ + 1e
The first process is a heterogeneous reaction where the Cu͑I͒ is adsorbed on the copper surface, whereas the second process is a reaction where the Cu͑II͒ left the copper surface. Hence, the expected F͑dm/dQ͒ values are 96 g mol −1 for the first process and −159 g mol −1 for the second process. Initially, during the oxidation reaction, Cu͑I͒ species could be formed and complexed by the sulfate ions. Thus, F͑dm/dQ͒ reaches values near the expected 96 g mol −1 at about 0.00 V when the scan rate is increased ͑Fig. 6b͒. This value would correspond to the first reaction step ͑Eq. 13͒, appearing more clearly when increasing the scan rate and therefore, when the two electron transfers are separated. At the beginning of the copper dissolution peak, the rate of the global process would be controlled by a maximal concentration of Cu͑I͒ species because Reaction 14 does not take place ͑there is not monovalent copper to react͒.
Then, from these potentials the second reaction becomes increasingly important and the current increases strongly. In this zone the F͑dm/dQ͒ function decreases to about −160 g mol −1 ͓at the peak of the F͑dm/dQ͒ function͔. This minimum value would be reached because the current of Reaction 14 would be larger than the current due to Reaction 13 as a result of an excess of the Cu͑I͒ surface concentration.
After the peak, at potentials between ͓0.25, 0.80͔ V, the F͑dm/dQ͒ function reaches a value near the value expected for the global process of two electrons exchanged per Cu atom ͑about −31 g mol −1 ͒. This value can be explained considering that the rate of the global process is now controlled by the rate of Reaction 13 and therefore there is no relevant amount of Cu͑I͒, since all the Cu͑I͒ species formed quickly react to Cu͑II͒.
Finally, by analyzing the copper oxidation peaks in the presence of chloride ions, four zones can also be differentiated by means of the F͑dm/dQ͒ function ͑Fig. 5a͒.
1. Along the initial potentials of the first copper dissolution peak, the values of the F͑dm/dQ͒ tends to negative values ͑the copper dissolution at these potentials can also be observed in Fig. 4b͒ . However, to increase the scan rate, the F͑dm/dQ͒ function tends to positive values ͑Fig. 6a͒.
2. The F͑dm/dQ͒ function increases to positive value ͑80 g mol −1 ͒ up to 0.10 V. This peak increases with the scan rate tending to very high values ͑Fig. 6a͒.
3. The second copper oxidation peak presents two peaks for the F͑dm/dQ͒ function. The values of these peaks charge greatly by increasing the scan rate.
4. At the end of the anodic scan, the F͑dm/dQ͒ function reaches values close to −18 g mol −1 . The trend to extreme values for larger scan rates could indicate that the processes observed by means of the F͑dm/dQ͒ function are chemical and not electrochemical processes, because by increasing the scan rate, the chemical processes do not take place at the same time that the electrochemical processes ͑the electrochemical reactions are generally faster than the chemical reactions͒. Furthermore, it is also important to recall that the global F⌬m/⌬Q function of the oxidation process corresponds to the one expected for a global process in which two electrons are exchanged at the same time when one copper atom leaves the electrode. The global F⌬m/⌬Q value for the first copper oxidation peak corresponds to about 35 g mol −1 ͑similar to the atomic mass of the chloride ion͒, whereas the value of this function for the second oxidation peak corresponds to about −100 g mol −1 ͑similar to the atomic mass of the complex CuCl + , 98 g mol −1 ͒. Hence, the chloride ions probably also take part in the copper electrodissolution mechanism.
Accordingly, a conjectured mechanism for the oxidation of copper in chloride medium could be
The first copper electrodissolution peak could be due to a dissolution-reprecipitation of copper through a chloride-containing intermediate. In this mechanism, the accumulation of the CuCl species around the working electrode during this electron transfer could lead to its precipitation on the electrode. Furthermore, the process of CuCl dissolution can be separated from the electrochemical reaction by increasing the scan rate ͓this increase causes Reactions 15 and 16 to not take place at the same time and the F͑dm/dQ͒ function tends to positive values at the beginning of the anodic peak, Figs. 5a and 6a͔. The oxidation mechanism proposed above for the first electron transfer is very similar to the mechanism proposed by Gabrielli et al. 52 The second copper electrodissolution peak could be due to the following reactions
Thus, the theoretical global F⌬m/⌬Q value for the first oxidation peak corresponds to 35 g mol −1 , whereas the theoretical value of this function for the second oxidation peak corresponds to about −98 g mol −1 , in concordance with the values calculated experimentally.
Initially, during the first copper electrodissolution peak, the Cu͑I͒ species would be stabilized by the chloride anions and would leave the electrode. Thus, F͑dm/dQ͒ reaches values near the expected −63 g mol −1 , corresponding to the first two step reactions ͑if the scan rate allows that both processes take place at the same time͒. However, the CuCl species would precipitate on the working electrode as soon as their solubility product is reached because this species would be accumulated around the working electrode.
During the second copper electrodissolution peak, the Cu͑I͒ is oxidized to Cu͑II͒ on the working electrode and as a result, the CuCl + species would leave the electrode. This dissolution process would be slow and it would be probably due to the formation an anion-bridge-activated complex of the Cu-Cl-Cu type. 10 Finally, observing the two copper electrodissolution mechanisms postulated in the presence and absence of chloride ions, it is possible to say that both mechanisms are similar. The difference between both mechanisms can be explained easily by the complexation power of the chloride ions, because these ions allow the Cu͑I͒ reaction intermediate to be stabilized. This last hypothesis, and considering the copper reduction mechanism proposed above, allows the copper oxidation mechanism to be associated with its respective reduction mechanism by means of two reversible and consecutive monoelectronic transfers ͑Eq. 20-22͒. So the copper reduction and oxidation mechanisms could take place by means of the same reaction mechanism Cu͑electrode͒ + X − ͑solution͒ CuX͑electrode͒ + 1e − ͓20͔
CuX͑electrode͒ CuX͑solution͒ ͓ 21͔ CuX͑solution͒ CuX + ͑solution͒ + 1e − ͓22͔ Accordingly, the model proposed in this paper is a refinement of the model of Mattson and Bockris 6 in which the anion participation in the reaction mechanism is specified as well as the localization of the reaction intermediates with respect to the working electrode. In concordance with this general mechanism, the bibliography postulates a reduction mechanism similar, roughly speaking, in the presence of chloride ions. 5 The mechanism postulated in this paper introduces only, with respect to this previous mechanism, the localization of the reaction intermediates with respect to the working electrode as well as Reaction step 21, which are very difficult to postulate by means of the electrochemical impedance measurements alone.
Conclusion
The simultaneous measurement of mass and current changes during a potential scan allows the mechanism of reduction and oxidation copper in the presence of chloride ions to be postulated. The copper reduction in these experimental conditions would be characterized by two consecutive electron transfers, where the Cu͑I͒ is into the working solution ͑Eq. 11 and 12͒. At the same time, the copper oxidation would take place in two steps and depends on the anions present in this solution. Roughly speaking, this mechanism can be divided into two consecutive electron transfers, where the first process is a heterogeneous reaction in which the product of this reaction is not on the working electrode surface, whereas the second process is a reaction in solution. Finally, the molecular oxygen in this medium helps to form a passive layer on the surface of the metallic copper deposited on the working electrode ͑Eq. 8͒. The conjectured mechanisms in this paper need to be supported by ac electrogravimetry, which is now in progress, to analyze more deeply the reduction and oxidation processes in the presence of chloride ions.
